The use of in vivo and in vitro transposition reactions to perform non-combinatorial manipulation of DNAs in molecular biology is widespread. In this work we describe a technique that utilizes two sequential, directed transposition reactions in order to carry out combinatorial DNA manipulations. The methodology relies on the use of two different mutant Tn5 transposase proteins that have different transposon end recognition speci®cities. We demonstrate that the technique can be used to create large libraries of random fusions between two genes. These transpositional fusions are de®ned by insertion of a 32 bp linker sequence. We applied the technique to a model system, chloramphenicol acetyl transferase, to create functional fusions from N-and C-terminally truncated, nonfunctional genes. Comparative structural analysis suggests that both sides of the linker are inserted into disordered regions in functional proteins.
INTRODUCTION
Transposons have long been utilized as tools for genetic studies. More recently, the advent of high ef®ciency in vitro transposition systems has led to the development of transposon tools that are useful for many molecular biology and genetic applications (1±5). Transposon Tn5 is a bacterial composite transposon that encodes a protein, transposase (Tnp), that is responsible for its movement (6) . The transposition reaction requires only Tnp and specialized 19 bp inverted repeats that act as speci®c end-binding sequences for Tnp. Wild-type Tnp has evolved to be inef®cient, and puri®ed wild-type Tnp has no detectable in vitro activity. However, two highly ef®cient in vitro transposition systems have been developed for Tn5 (7, 8) . Each transposition system relies on a different combination of mutated Tnp and speci®c endbinding sequence.
A double mutant of Tnp, Tnp EK/LP, is able to promote transposition of DNAs that are bordered by a naturally occurring 19 bp end sequence termed outside end (OE). Tnp EK/LP has even higher activity with DNAs that are bordered by two mutated end sequences termed mosaic end (ME). Hereafter, Tnp EK/LP will be referred to as Tnp-ME.
A second mutant Tnp, Tnp sC7v2.0, contains a combination of four mutations that allow this protein to ef®ciently transpose DNAs bordered by a naturally occurring 19 bp binding site termed inside end (IE). IE sequences contain two modi®cation signals for dam methylase that result in the addition of four methyl groups into the major groove. This methylation inhibits binding of wild-type Tnp (and Tnp-ME), but increases activity of Tnp sC7v2.0 (hereafter referred to as Tnp-IE) (8, 9) .
Recently, non-transposition-based methods for generating libraries of randomly fused genes have been reported. Ostermeir et al. (10) and Lutz et al. (11) ®rst described a method termed ITCHY that involves the incremental truncation of two genes by use of ExoIII nuclease followed by S1 nuclease treatment, polymerization, and ligation of fragments to form random fusions. A second method has also been reported that utilizes random cleavage of DNA followed by a series of digestion and ligation reactions to create random fusions (12) .
In this work, we describe a methodology that allows for the creation of random gene fusions via the use of two simple transposition reactions. By taking advantage of the end speci®city difference of Tnp-ME and Tnp-IE in separate, sequential transposition reactions, we have created two similar methods that are able to create large libraries (>10 7 independent members) of random fusions between any two DNA sequences. Both methods result in DNA fusions that are de®ned by the presence of a 32 bp DNA linker. In contrast to earlier reported methods that require multiple enzymatic steps separated by DNA puri®cations, the methods reported here rely on direct transformation of in vitro transposition reactions. We further report the use of this method to create functional chloramphenicol acetyl transferase (CAT) enzymes by random fusion of two non-functional, truncated genes.
MATERIALS AND METHODS

Construction of plasmid vectors
Vectors for method 1. A plasmid containing a kanamycinresistance gene bordered by one IE and one linker end was constructed as follows. Plasmid pGT4 (8), a pUC19-based plasmid containing a kanamycin gene bordered by two IEs, was digested to completion with EcoRI and partially digested *To whom correspondence should be addressed. Tel: +1 608 262 3608; Fax: +1 608 265 2603; Email: reznikoff@biochem.wisc.edu
The authors wish it to be known that, in their opinion, the ®rst two authors should be regarded as joint First Authors with BclI. The linker sequence was created by annealing of two oligonucleotides (5¢-GTGTCTCTTGATCAGATGTGTA-TAAGAGTCAGATCT-3¢ and 5¢-CTGACTCTTATACACA-TCTGATCAAGAGACAG-3¢) followed by ligation into the digested plasmid to form pNG1. This plasmid was used to prepare pre-cleaved transposon substrate (see below) for the ®rst transposition reaction.
Plasmid pNG2 was constructed as a plasmid containing a CAT gene with a C-terminal truncation and a single ME sequence. It was constructed by modi®cation of pGRCAM2, a pUC19-based plasmid with a CAT gene bordered by two MEs. The plasmid was digested with NcoI and blunt ended by use of T4 polymerase and dNTPs. The plasmid was then digested with A¯II to delete the C-terminal part of the CAT gene and one ME. The vector fragment was then re-ligated to form pNG2. This plasmid was the target in the ®rst transposition reaction.
Plasmid pNG3 was constructed to contain a CAT gene with an N-terminal truncation. Plasmid pACYC184 (New England Biolabs) was cleaved at two locations by digestion with PvuII and re-ligated. This plasmid is the target in the second transposition reaction.
Vectors for method 2. Plasmid DNA containing a kanamycinresistance gene bordered by two linker ends was constructed by modi®cation of the IE end of pNG1. Plasmid pNG1 was digested to completion with BglII and partially digested with PshAI. Two oligonucleotides (5¢-CTGTCTCTTGATCA-GATGTGTATAAGAGTCAGATCT-3¢ and 5¢-CTGACTCT-TATACACATCTGATCAAGAGACAG-3¢) were annealed and ligated into the digested plasmid to form pNG101. This plasmid was used to prepare pre-cleaved transposon substrate for the ®rst transposition reaction. Due to low transposition ef®ciency in the second transposition reaction using linker A, a plasmid that contained a single base pair change on each linker end was constructed to form pNG201.
Plasmid pGN3 was constructed as a plasmid containing a conditional origin of replication (p-dependent origin) and a CAT gene with an N-terminal truncation by a three-step process. Plasmid pMF36 (13) , which contains the p-dependent origin, was digested with SalI and partially digested with DraI to form pGN1. pGN1 was then digested with EcoRI, ®lled in with T4 polymerase, and ligated to a BsaAI/BsaAI fragment from pACYC 184 (New England Biolabs) to form pGN2. pGN2 was then digested with NcoI and AatII, ®lled in with T4 polymerase and ligated to form pGN3. Method 2 also used pNG3, the same plasmid as described in method 1.
Preparation of Tnps and DNA substrates
Tnp-ME and Tnp-IE were puri®ed using the IMPACT system (New England Biolabs) as described previously (14) .
Pre-cleaved transposons were prepared as follows. The appropriate plasmid was puri®ed from Escherichia coli K12 (DH5a) using a Qia®lter midi kit (Qiagen). Puri®ed plasmid was digested with PshAI releasing the pre-cleaved transposon from the plasmid. The pre-cleaved transposon band was then puri®ed by electrophoresis and gel extraction using the Qiaquick gel puri®cation kit (Qiagen).
Plasmid substrates were puri®ed using a Qia®lter midi kit. All plasmids were puri®ed from strain DH5a except pGN3, which requires a specialized strain for replication of the plasmid (EC100Dpir-116; Epicentre).
Gene fusion protocol
In all transposition reactions, DNAs were combined with the appropriate Tnp in transposition reaction buffer (0.1 M potassium glutamate, 25 mM Tris-acetate, pH 7.5, 10 mM Mg 2+ acetate, 50 mg/ml bovine serum albumin, 0.5 mM b-mercaptoethanol, 2 mM spermidine, 100 mg/ml tRNA; ®nal concentrations) in a total volume of 20 ml. In the ®rst transposition reaction (both methods), pre-cleaved transposon and target plasmid were added to a ®nal concentration of 20 nM each. Tnp-IE was added to a ®nal concentration of 200 nM and the reactions were incubated at 37°C for 3 h. Products were then subjected to treatment with SDS (0.5%) and heat (68°C for 5 min). This removes Tnp from transposition products and results in a higher transformation ef®ciency (data not shown). Treated reaction products were then dialyzed against water and transformed into electrocompetent E.coli K12 cells (DH5a; ef®ciency = 8.0 Q 10 8 c.f.u./mg plasmid). Cells were grown for 1 h at 37°C in 1 ml of Luria±Bertani medium (LB; Difco) to allow expression of antibiotic-resistance genes. The culture was then used to inoculate 50 ml of LB containing appropriate antibiotics and grown at 37°C for 16 h. A small aliquot of culture following the initial 1 h growth was removed and plated onto agar media to estimate library size (>10 5 ).
In the second reaction (both methods), puri®ed plasmid DNA from the insert library and the second target plasmid were added to a concentration of 80 nM each. Tnp-ME was then added to a concentration of 400 nM. Reactions were allowed to incubate at 37°C for 1 h and then treated with SDS and heat, dialyzed, and transformed as above. For direct selection of functional CAT fusions, cultures were plated on LB agar containing 20 mg/ml chloramphenicol. For creation of fusion libraries via method 2, cells were outgrown in 1 ml of LB without antibiotics for 1 h and subsequently inoculated into 50 ml of LB and allowed to grow overnight in the presence of double antibiotic selection.
RESULTS
The process described in this work creates libraries of random gene fusions via two sequential transposition reactions. The system utilizes a specialized end sequence that consists of two speci®c end-binding sites that are facing in opposite directions ( Fig. 1 ). In the resulting gene fusions this double end acts as a linker sequence, forming the junction between two genes. A simple linker would consist of the two required speci®c endbinding sequences, IE and OE (or IE and ME), in inverted orientation with no intervening DNA. In an effort to reduce the size of the amino acid linker in the resulting fusion proteins, the internal transposon ends have been overlapped to reduce the size of the DNA linker from 38 to 32 bp. Linker B was designed by combining the IE and ME sequences. The overlap region matches the ME sequence and contains the same IE mutation at position 18 as in linker A (IE¢). This resulting linker differs from linker A at position 29 only.
Two different methodologies were developed for creating the random gene fusions (see below). In method 1, the IE end of the linker A is randomly fused to gene A in the ®rst transposition reaction, while the OE end of linker A is randomly fused to gene B in the second transposition reaction. Both linkers contain a single transparent reading frame in the IE to OE (ME) direction. Therefore one in three in-frame fusions (or one in nine total gene fusions) can encode for fusion proteins and all functional proteins will contain the same linker epitope. In the second methodology, two fusions are created. One reads through the linker in the same IE to ME orientation while the second fusion reads in the opposite or ME to IE direction. The reverse orientation of linker A contains one transparent reading frame and linker B contains two transparent reading frames. For fusions that contain linker B in the ME to IE direction, two of three in-frame fusions (or two in nine total gene fusions) can encode for fusion proteins, and two different linker epitopes are possible.
Transpositional fusion by method 1
In method 1, the gene that contains the promoter end of the fusion is cloned into a specialized plasmid that contains a single ME sequence (Fig. 2) . In the ®rst transposition reaction, puri®ed plasmid DNA containing a gene of interest (gene A) and a single ME sequence is mixed with a pre-cleaved transposon that consists of an antibiotic-resistance genē anked by IE on one end and linker A on the other. The addition of Tnp-IE to these DNAs results in the insertion of the transposon into random locations in the target plasmid. Reaction products are then transformed into electrocompetent E.coli cells. Transformed cells are grown for 1 h in the absence of antibiotics and are then added to 50 ml of liquid media containing drug selection for both the plasmid and transposon insert and allowed to grow overnight in mixed liquid culture to produce the initial library of random linker inserts. Plasmid DNA from this culture is then puri®ed and used as the transposon donor for the second transposition reaction.
In the second transposition reaction, the insert library is mixed with a second plasmid that contains the gene that will A pre-cleaved transposon bordered by one IE and one linker end is randomly inserted into the target plasmid by Tnp-IE. Reaction products are transformed and selected by double antibiotic resistance to create an insert library. The insert library is then incubated with the second target plasmid and Tnp-ME. Tnp-ME cleaves transposons de®ned by ME and the linker end from the insert library plasmid and inserts them into the target to create the random gene fusions. form the C-terminus of the gene fusion. Incubation of these DNAs with Tnp-ME results in the cleavage of transposons from the insert library and their insertion into random locations in the target plasmid to create the library of random fusions. It should be noted that in the insert library, half of all inserts are in the incorrect orientation and do not serve as substrate in the second reaction.
Transpositional fusion by method 2
Method 2 also uses three DNA molecules (a pre-cleaved transposon and two plasmids with one gene of interest each). In this method, the pre-cleaved transposon is de®ned by two linker sequences and neither of the two plasmids contain Tnpbinding sequences. The additional requirement of method 2 is that in this methodology one of the two plasmids contains a conditional origin of replication. This is due to the fact that the ®nal library of fused genes consists of one large fusion plasmid that is formed by joining of the two initial plasmids. If both of the initial plasmids contain non-dependent origins of replication, the resultant fusion plasmid would have two origins and may not replicate properly.
An illustration of the two transposition reactions is shown in Figure 3 . In the ®rst reaction, the pre-cleaved transposon with two linker ends is inserted randomly into a plasmid containing the ®rst gene of interest (gene A) by Tnp-IE. As in method 1, the reaction products are transformed into E.coli and grown overnight in mixed liquid culture to produce an insert library containing random inserts into the plasmid. Unlike method 1, the orientation of insertion is not important, as the double ends exist on both ends of the transposon.
In the second transposition reaction, the library of inserts is combined with a target plasmid containing the second gene of interest and Tnp-ME. Tnp-ME binds to the MEs and promotes blunt-ended cleavage of both ends, releasing the plasmid from the antibiotic-resistance gene. The ®rst plasmid, which is now a transposon, can then strand transfer into the second plasmid at a random location to create the ®nal fusion plasmid.
A gel analysis of a typical second reaction is shown in Figure 4 . Lane 2 represents the target plasmid and lane 3 is the initial insert library. These libraries typically contains >10 5 independent survivals as determined by plating of dilutions of the transformation mixture onto agar plates in the presence of both antibiotics. This number is suf®cient to include all possible insertions sites. Lane 4 is a negative control, consisting of equal amounts of both the second target plasmid and the initial insert library, incubated without Tnp-ME. Lane 5 shows the reaction products when the insert library, target plasmid and Tnp-ME are incubated for 1 h at 37°C under appropriate buffer conditions. Tnp-ME-catalyzed double-end cleavage at the MEs results in the disappearance of the insert library and production of a donor backbone band (antibioticresistance gene from the initial transposon insert) that is the result of Tnp-ME-promoted cleavage at the two MEs. The released transposons de®ned by two MEs are then converted into strand transfer products. The desired product band is indicated by the arrow.
The resulting reaction products can be directly transformed into electrocompetent E.coli cells and grown in mixed liquid culture under double-drug selection to generate a library of desirable products. Plating of aliquots from the reactions has revealed that the libraries contain >10 7 independent gene fusions. Reaction products can also be directly subjected to selection for functional fusions as described in method 1.
An analysis of a fusion library created by this method is shown in Figure 5 . In this method, all plasmids contain the same DNA, differing only in the position at which the two initial plasmids were fused by the transposition reactions. Plasmids prepared from overnight liquid culture contain one major band, indicating that the double-drug selection is ef®ciently choosing the desired products from the second transposition reaction without the need for a prior puri®cation step (lane 1). Fused plasmids in the given example should contain a unique EcoRV site originating from one original plasmid and a single ScaI site that originated from the second plasmid. Digestion of the library with either of these enzymes results in linearized plasmid (lanes 2 and 4). Double digestion of an individual plasmid results in two linear DNA bands the sum of which are equal to the total size of the fused plasmids (data not shown). However, since each of the restriction sites is from a different original plasmid, the size of the two bands should vary from fusion to fusion. Hence, digestion of the library with EcoRV and ScaI results in a smear of DNA bands of varying size (lane 3).
Restoration of chloramphenicol acetyl transferase from N-and C-terminally truncated genes
We devised a test system in order to demonstrate the ability of each of the methods to generate functional fusion proteins. We tested the ability of the double transposition fusion system to create functional fusions of CAT from two truncated CAT genes where one gene encodes a C-terminally truncated CAT enzyme and the other gene encodes for an N-terminally truncated CAT enzyme.
Method 1 was tested as shown in Figure 2 . A plasmid containing a CAT gene fragment lacking the coding sequence for the 47 terminal amino acids was cloned next to a ME sequence. Pre-cleaved transposons with a single linker end (linker A) were inserted into the linker by Tnp-IE to make the ®rst insert library. After transformation and outgrowth with appropriate drug selection, the plasmid library was puri®ed. In the second reaction, plasmid DNA from the insert library was mixed with a target plasmid that contained a partial CAT gene that lacks both a promoter and the coding sequence for the ®rst 38 amino acids. Tnp-ME was added to cleave N-terminal fragments from the CAT gene in the insert library and insert them randomly into the target plasmid. The reaction products were transformed and plated on agar plates containing 20 mg/ml chloramphenicol to select for functional CAT fusions.
Transpositional fusion of the CAT gene fragments was also carried out by method 2 using a pre-cleaved transposon with two linker A ends. In the ®rst reaction, the double linker precleaved transposon was inserted into a target plasmid encoding the N-terminal truncation of the CAT gene by use of Tnp-IE to generate the insert library. The library of inserts was then mixed with the second plasmid that contained the C-terminal truncation of the CAT gene and Tnp-ME. The reaction products were then transformed into E.coli and plated on agar containing chloramphenicol to select for individual functional fusions. Although successful, the use of linker A resulted in a low transposition frequency in the second reaction. Therefore, linker B was tested in the same way. Due to the order in which the two plasmids were used, the linker orientation for fused genes was in the opposite direction (ME to IE) as those created by method 1.
For each method, plasmid DNA from a few chloramphenicol-resistant colonies was puri®ed and sequenced in order to con®rm the presence of the transposon linker sequence and also to determine the amino acid sequence of the functional fusions. The results are summarized in Figure 6 .
Of the eight functional CAT fusions sequenced, none arè perfect' fusions (no loss or duplication of amino acids) and only one is formed by deletion of amino acids. The majority of functional fusions characterized are formed by duplication of a fragment of CAT. These duplications range from 5 to 53 amino acids in length.
Structural information for the CAT protein used in this study, which originates from transposon Tn9, does not exist. However, X-ray crystallographic structure information is available for the related type III Chloramphenicol Acetyltransferase (CATIII) (15) . We used BLAST to align the primary amino acid sequences of CAT and CATIII. The alignment revealed that the two proteins have 46% amino acid identity with only a single gap of one amino acid. We used this alignment to map the location of the linker insertion in functional CAT fusions to the CATIII structure. This analysis predicts that, of the 16 linker-CAT junctions, 15 are in disordered regions, while the remaining junction is predicted to be inserted into a b-sheet one amino acid from the terminus. Although these results come from only one protein fusion example, the analysis strongly suggests that functional fusions are formed when the linker sequence does not insert into a location that interrupts either a-helices or b-sheets.
DISCUSSION
In this work we report the use of sequential, in vitro transposition reactions to generate a library of random fusions between two genes. The method is capable of producing large libraries that have been shown by double digest to have a high level of variability. We further demonstrate the ability of the system to produce functional CAT proteins from splicing of inactive, truncated genes. By utilizing metabolic auxotrophs, the demonstrated methodology can be directly adapted for creating and selecting functional hybrids of metabolic enzymes.
Of the two methods described, each has speci®c strengths. In method 1, the main advantage is that in each transposition reaction, a combination of one linker end and one normal transposon end are used while in method 2, both reactions depend on the use of two linker ends. Any constructed linker that is paired with a normal end has a higher probability of functioning than it would if paired with an identical linker end. This was demonstrated by our observation that the ef®ciency of transposition with linker A, while very high in both reactions with method 1, was associated with noticeably reduced transposition ef®ciency in the second reaction of method 2. Method 2 has three main advantages that make it preferable in cases where desired linker ends function in tandem. The ®rst advantage is no special constructs are required for the ®rst reaction. Secondly, the presence of two linker ends on the initial transposon means that there is no dependence on insert orientation in the ®rst transposition reaction. Finally, in the second transposition reaction of method 2 all of the transposons are equal in length. This removes any size-dependent biases that may be present in method 1.
One aspect of the described methods that was not addressed above is the`randomness' of target site selection. All biochemical reactions such as these have biases and it is clear from previous work that target sequence biases exist for Tn5 transposition. However, the critical question for the described methodology is whether there is an apparent exclusion of any sequence from being a target. Published experiments indicate that all sequences should be targeted at some frequency (16, 17) . In other words, in order to generate libraries that contain all possible fusions by this or any method, the library size will have to be somewhat larger than would be predicted by an ideal method that is absent of all biases.
Proposed improvements to constructs
The main drawback of this system of making double transpositional gene fusions is the amount of undesirable DNA fusions that are contained in the library. When used with genes of reasonable size and with a direct selection for activity, as demonstrated by restoration of CAT from two truncated genes, this can be ignored due to the large library size. However, if it is necessary to use a screen to isolate functioning fusions from the library, this can be a considerable drawback.
The number of transpositional fusions that result in protein fusion is limited by both the chances of maintaining the correct reading frame (one in three) and also the correct orientation of transposition insert in the second reaction (one in two). Taking these two fundamental non-idealities into consideration, a maximum of one out of six (16.7%) of all transpositional fusions would be true protein fusions.
The percentage of transpositional gene fusions that are able to produce fusion proteins is also limited by both the presence of stop codons in the linker and non-essential DNA other than the gene of interest in the plasmid. The ®rst non-ideality can be overcome by changing a single base pair in the sequence of linker B in the ME to IE direction. Such a change might alter the ef®ciency of the transposition reaction and result in a useless linker. However, there are eight different changes that can be tried in order to remove the single stop codon that exists in the new linker in the ME to IE direction and it is likely that at least one of these alterations will not be detrimental. The second non-ideality, insertion into DNA outside of the gene of interest, can be overcome by the construction of minimal plasmids. If each of the two gene-encoding plasmids only contains an antibiotic-resistance gene, DNA necessary for replication of the plasmid, and the gene of interest, then only inserts into the gene of interest would produce transposition products that are able to replicate and still encode proper drug resistance. These two changes would bring the actual`useful' fusion yield nearer the theoretical limit of 16.7%.
Transpositional fusions that result in the production of a fused protein can also be directly selected from the library if the C-terminal gene is fused to another gene that encodes a protein that can be directly selected for. The use of this technique would not only select expressed fusion proteins for screening, but also eliminates translated fusions that result in proteins that are poorly expressed or have low solubility (18) . The successful use of a CAT gene for the purpose of selection of non-homologous gene fusions has previously been reported (12) .
CONCLUSIONS
The test system that we designed demonstrated the ability of using this sequential, double transposition method for creating functional gene fusions. The real usefulness of the method can only be demonstrated by fusion of two non-homologous proteins to form a functional hybrid. For example, the method could be employed to join the domains of two different proteins to create a new protein that consists of a functional domain(s) from each of the two original proteins.
